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ABSTRACT
Observations of magnetic A, B and O stars show that the poloidal magnetic flux per unit
mass p/M appears to have an upper bound of approximately 10−6.5 G cm2 g−1. A similar
upper bound to the total flux per unit mass is found for the magnetic white dwarfs even
though the highest magnetic field strengths at their surfaces are much larger. For magnetic A
and B stars, there also appears to be a well-defined lower bound below which the incidence
of magnetism declines rapidly. According to recent hypotheses, both groups of stars may
result from merging stars and owe their strong magnetism to fields generated by a dynamo
mechanism as they merge. We postulate a simple dynamo that generates magnetic field from
differential rotation. We limit the growth of magnetic fields by the requirement that the poloidal
field stabilizes the toroidal and vice versa. While magnetic torques dissipate the differential
rotation, toroidal field is generated from poloidal by an  dynamo. We further suppose that
mechanisms that lead to the decay of toroidal field lead to the generation of poloidal. Both
poloidal and toroidal fields reach a stable configuration which is independent of the size
of small initial seed fields but proportional to the initial differential rotation. We pose the
hypothesis that strongly magnetic stars form from the merging of two stellar objects. The
highest fields are generated when the merge introduces differential rotation that amounts to
critical break-up velocity within the condensed object. Calibration of a simplistic dynamo
model with the observed maximum flux per unit mass for main-sequence stars and white
dwarfs indicates that about 1.5 × 10−4 of the decaying toroidal flux must appear as poloidal.
The highest fields in single white dwarfs are generated when two degenerate cores merge
inside a common envelope or when two white dwarfs merge by gravitational-radiation angular
momentum loss. Magnetars are the most magnetic neutron stars. Though these are expected
to form directly from single stars, their magnetic flux to mass ratio indicates that a similar
dynamo, driven by differential rotation acquired at their birth, may also be the source of their
strong magnetism.
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1 IN T RO D U C T I O N
Until recently, observations of magnetism in mid- to early-type
stars have focused on the chemically peculiar A and late-B stars.
These studies, which are biased towards the stronger field objects,
have revealed that there is an upper limit to the dipolar magnetic
field emerging from the stellar surface of Bp ≈ 30 kG (Elkin et al.
2010) for stars in the mass range 1.2 < M/M < 5. With more
sensitive spectropolarimetric studies, Aurière et al. (2010) showed
that, at least for stars of spectral type A and late B, there also
 E-mail: dayal@maths.anu.edu.au
appears to be a lower limit of Bp ≈ 300 G to the effective dipolar
field strength, with no stars observed with 30 < Bp/G < 300. Their
lower limit is set by sensitivity of their observations. Thus, at least
in this mass range, there is evidence that main-sequence stars fall
into two groups, magnetic stars and non-magnetic stars. We define
the poloidal magnetic flux p = R2Bp, where R is the radius of the
star. Stars in this group are characterized by
10−8.5 <
p/M
G cm2 g−1
< 10−6.5, (1)
where M is the total mass of the star. The Magnetism in Massive
Stars project (MiMes; Wade et al. 2011) has shown that a similar
upper limit to the poloidal magnetic flux per unit mass p/M also
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applies to massive early-B and O stars (see for example Wade
et al. 2012). However, it is not yet clear whether the magnetic field
dichotomy seen in the A and late-B stars persists at higher masses.
The origin of the large-scale magnetic fields observed in main-
sequence stars with radiative envelopes, namely the intermediate-
mass main-sequence A, B and O stars, remains unresolved. Whether
the fields are generated by contemporary dynamos in the stellar
cores or they are of fossil origin from pre-main-sequence phases
of evolution has been debated over the years. A core dynamo
is expected to generate small-scale fields but the mechanism by
which the field is transported to the surface, where it is seen as a
large-scale ordered field, has remained obscure. Numerical magne-
tohydrodynamical simulations (Braithwaite 2009) of possible sta-
ble field structures in stably stratified radiative stars appear to have
swung the balance in favour of the fossil field hypothesis. These
calculations have confirmed that, while purely poloidal or purely
toroidal fields are subject to various instabilities that destroy the
fields on short time-scales, stability can be restored in combined
poloidal–toroidal field structures under certain conditions. More
importantly, these calculations have shown that, regardless of the
nature, scale and complexity of the initial field, it relaxes to a stable
large-scale poloidal–toroidal structure on an Alfvén crossing time-
scale (about 10 yr for Ap stars). The subsequent evolution of the
field structure is expected to be slow enough for the field to last for
a time-scale similar to the main-sequence lifetime of the star. The
presence of a long-lived, nearly dipolar field structure in magnetic
Ap and Bp stars is therefore seen to be compatible with the fos-
sil hypothesis. What determines the maximum flux per unit mass,
however, remains unexplained but it must be related to the origin
of the magnetic flux acquired during the pre-main-sequence history
of the star. The detection of magnetic fields in some Herbig Ae and
Be stars, with magnetic fluxes similar to those seen in the strong
field Ap and Bp stars (for example Wade et al. 2007; Alecian et al.
2008), suggests that the magnetic flux was already present during
the pre-main-sequence phase of evolution.
Ferrario et al. (2009) suggested that magnetic main-sequence
stars acquire their magnetic fluxes through a dynamo process that
occurs during late merging of two protostars on their approach to
the main sequence. Because only some stars have merged in such
a way this model can explain the magnetic dichotomy. Here, we
investigate this hypothesis further and suggest that any ordered
primordial poloidal field that is present in the merging stars can be
amplified, by differential rotation through a dynamo process, to a
field configuration which is mainly toroidal. We present a simple
model in which magnetic fields decay whenever they are unstable to
short time-scale instabilities. Otherwise toroidal field is generated
at the expense of differential rotation and poloidal field is generated
as a by-product of the decay of the toroidal field. Once differential
rotation has all been removed a long-lived magnetic configuration
remains. We propose that such a dynamo, acting after stars merge,
provides an explanation for both the magnetic main-sequence stars
and the highest field magnetic white dwarfs. The magnetic flux
of magnetars suggests that a similar dynamo may play a role in
generation of magnetic fields of at least some neutron stars.
2 T H E O B S E RV E D M A X I M U M PO L O I DA L
FL UX TO MASS RATIO
The incidence of magnetism among A and B stars peaks at about
10 per cent at 3 M and decreases rapidly at lower masses to ef-
fectively zero at 1.6 M. It appears possible that the incidence
increases further at higher masses (Power et al. 2008) although this
Figure 1. The ratio of magnetic flux to mass p/M for the most magnetic
main-sequence stars (squares) and white dwarfs (circles).
is yet to be established either way through more complete surveys.
We note here that Potter, Chitre & Tout (2012) claim that there
is an upper limit to the mass of a star that can maintain magnetic
field, for a significant fraction of its main-sequence lifetime, in the
presence of hydrodynamic instabilities. The magnetic A, B and O
stars have poloidal magnetic fluxes p = BpR2 in a range that varies
over many decades but they all have a similar upper bound. This is
illustrated in Fig. 1, where we plot the poloidal magnetic flux per
unit mass, p/M, for the most magnetic main-sequence stars (Wade
et al. 2012, and references therein).
According to our hypothesis, the magnetic A, B and O stars all
form when protostellar objects merge late on their approach to the
main sequence. Simulations of star formation have shown that the
more massive a star is, the more likely it formed by merging of lower
mass stars (Railton, Tout & Aarseth, private communication). So a
consequence of our hypothesis is that the incidence of magnetism,
for as long as the field can be maintained, increases with mass on
the main sequence and there is some evidence for this. We have
also noted (Ferrario et al. 2009) that such a merging hypothesis
provides a natural explanation for the apparent lack of Ap stars in
close binary systems with main-sequence companions.
Turning to white dwarfs we find that some 10 per cent have
magnetic field strengths in the range 106–109 G and form the group
of high-field magnetic white dwarfs (HFMWDs; Wickramasinghe
& Ferrario 2005). We compare, in Fig. 1, the poloidal magnetic flux
to mass ratio of the highest field magnetic white dwarfs for which
both field and mass are known (Wickramasinghe & Ferrario 2000)
with those of the most magnetic main-sequence stars. The similarity
in this ratio between the two groups is striking and so suggests a
common physical origin for the magnetic fields.
Unlike for the main-sequence A stars, there is not such a clear
magnetic dichotomy in the white dwarfs. Among the white dwarfs,
there is also a group of low-field magnetic white dwarfs with fields
ranging from a few kG to 105 G or so. Landstreet et al. (2012)
indicate that the discovery rate of white dwarfs with fields in the
range 103–105 G is significantly higher than for the entire high-
field range of 106–109 G. Combined with the apparent dearth of
fields in the range 105–106 G, this suggests that the distribution
may be bimodal. Current surveys are not geared to detect fields
below 1 kG so the possibility remains that most white dwarfs are
magnetic at some low level but this still needs to be confirmed. It
seems likely that the magnetic fields in the low-field group must
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have been generated through dynamo processes in the course of
normal single-star evolution to the white dwarf phase.
According to one school of thought, a small proportion of single
stars, the magnetic main-sequence stars with strong fossil fields,
may retain their fossil flux through to the white dwarf phase to
give rise to the HFMWDs (Wickramasinghe & Ferrario 2005). This
fossil from the main-sequence hypothesis, however, is not without
difficulties. The progenitors of most white dwarfs have complex
evolutionary histories with different regions of the star becoming
convective and radiative as the star evolves through the red giant
and asymptotic giant branches. The survival of fossil magnetic flux
thus appears unlikely, although this still needs to be established with
detailed calculations. A more serious difficulty with this hypothesis
is that the birth rate from this route appears to be too small by a factor
of 3 or so to account for the entire class of HFMWDs (Kawka et al.
2007). Alternative explanations for the fields seen in the HFMWDs
have therefore been sought.
From the absence of late-type star companions to HFMWDs,
while such stars are seen in abundance with other white dwarfs, Tout
et al. (2008) established that high magnetic fields in white dwarfs
are intimately tied up with stellar duplicity. They then proposed
that magnetic fields can be generated through differential rotation
during the common envelope evolution which leads to the formation
of cataclysmic variables. Such fields could be trapped in the white
dwarf and give rise to the magnetic cataclysmic variables. If the
cores merge during this phase, a highly magnetic isolated white
dwarf can be formed. Though the conditions are ripe for a strong
dynamo in the common envelope it is not easy to see how such a
field could diffuse into the white dwarf on the time for which the
envelope remains in place (Potter & Tout 2010). We might envisage
that a weak seed poloidal field, generated when it was last convective
and now anchored within the white dwarf, might be wound up by
differential rotation in the outer layers of the white dwarf during
the common envelope evolution. The ensuing dynamo action can
also enhance the poloidal field as long as both poloidal and toroidal
fields are sufficient to stabilize one another. The final stable field
structure can then freeze into the outer layers of the white dwarf as
it cools.
Some of the HFMWDs might have descended from double white
dwarf systems that merged, driven by gravitational radiation, after
they emerged from a common envelope in a close orbit. Unlike those
that merged during the common envelope phase, which we expect
to spin down before ejection of their remaining envelope, these
HFMWDs can still be spinning more rapidly (Wickramasinghe &
Ferrario 2000). Even a small fraction of circumstellar material ac-
creted from a disc by the merged core can spin its outer layers up to
break-up speeds (Guerrero, Garcı́a-Berro & Isern 2004) after which
a dynamo can generate the very strong magnetic fields.
3 T H E M AG N E T I C FL U X TO M A S S R AT I O
AND STABILITY O F FIELD STRUCTURES
For a star of mass M and radius R, the thermal energy can be written
as
U = λGM
2
R
, (2)
where G is the gravitational constant and λ is a structural constant of
order unity. For a 2 M A-star λ ≈ 0.5. The total magnetic energy
can be written as
E = Ep + Eφ = 4
3
πR3
(
B2p + B2φ
2μ0
)
= 4
3
πR3
B2
2μ0
, (3)
where Bp is the poloidal, Bφ the toroidal, B the total magnetic
field strength and μ0 is the permeability of a vacuum. Defining the
ratios of magnetic to thermal energy by η = E/U, ηp = Ep/U and
ηφ = Eφ/U,
η = B
2
2μ0
4
3
πR3
R
λGM2
= 
2
M2
2π
3μ0λG
. (4)
Thence, scaling to the observed maximum poloidal flux, we find
ηp = 10
−8
λ
(
p/M
10−6.5 G cm2 g−1
)2
, (5)
and the observations demonstrate that the maximum ηp is indepen-
dent of the mass and type of star.
Braithwaite (2009) investigated the evolution of fossil fields in
non-rotating stars and found that for stable poloidal– toroidal field
structures, the energy in the toroidal and poloidal components of
the field must satisfy
aη2 < ηp < 0.8η, (6)
where a is a buoyancy factor and a ≈ 10 for main-sequence stars.
The first inequality is due to the stabilizing effect of a poloidal field
on the Taylor instability of the m = 1 mode in purely toroidal fields.
A lower limit to the poloidal field is ultimately set by the relative
importance of magnetic to gravitational–thermal energy through
buoyancy effects. The upper limit is due to the stability of poloidal
fields which requires they be not significantly larger than the toroidal
field. These expressions were obtained analytically from stability
studies and were confirmed to be generally consistent with results of
numerical studies of non-rotating stars. Braithwaite (2009) argued
that the same inequalities are also likely to hold for stable fields in
rotating stars.
4 TH E DY NA M O M O D E L
In a similar spirit to Tout & Pringle (1992), we set up a simple
dynamo in which toroidal field is generated from poloidal field by
differential rotation  within the star. Unless the poloidal field is
strong enough to stabilize the toroidal, the latter is lost by magnetic
instabilities which, in a non-rotating star, operate on an Alfvén
crossing time-scale
τA = R
√
μ0ρ
B
, (7)
where ρ = 3M/4πR3 is the star’s mean density. Pitts & Tayler
(1985) demonstrated that, in the presence of rotation, the growth
rate of magnetic instabilities is reduced by a factor /B, where
 is the angular velocity and B = 2π/τA. The observed spins of
magnetic Ap stars are of the order 1–1000 d (Landstreet & Mathys
2000), while their characteristic Alfvén time-scale is of the order of
2 d. Similarly, the observed spin rates of magnetic white dwarfs are
of the order of hours to years (Wickramasinghe & Ferrario 2000),
while their characteristic Alfvén time-scale is about 1.5 h. There-
fore, magnetic field decay is not significantly limited by rotation
once the magnetic fields have grown and differential rotation re-
moved. However, we begin our calculations with small fields and
differential rotation of the order of the break-up spin of the star. The
angular velocity at any point in the star lies between the extremes
of ineffectual,  < B and maximal,  = crit, where
crit =
√
GM
R3
(8)
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is the surface break-up spin rate of the star. While we envisage
some parts of the star to be rotating slowly, others rotate faster by
. Thus, 0 <  ≈  < crit in regions where magnetic fields
are decaying. We therefore multiply the time-scale for instability
growth by τA/2π, where we first set  =  and later consider
the two extreme cases of  < B and  = crit, when this is longer
than τA. Our equation for the evolution of toroidal field is then
dBφ
dt
= Bp − Bφ
τφ
, (9)
where
τφ =
{∞ if ηp > aη2,
max
(
1, τA2π
)
τA otherwise.
(10)
Unusually, we regenerate poloidal field from the decaying toroidal
field with some efficiency α. Our reasoning is that decay of
toroidal field produces buoyant structures that generate a small-
scale poloidal field. Reconnection amongst these field elements
leaves a large-scale poloidal field in a similar way to that described
by Tout & Pringle (1996) for accretion discs. In accord with Braith-
waite (2009), our poloidal field decays on the same modified Alfvén
time-scale unless there is sufficient total field strength to stabilize
it. Thus,
dBp
dt
= α Bφ
τφ
− Bp
τp
, (11)
where
τp =
{∞ if 0.8η > ηp,
max
(
1, τA2π
)
τA otherwise.
(12)
Equations (9) and (11) are non-linear because of the dependence of
τ p and τφ on B. Differential rotation is gradually reduced by the
magnetic torque, so that
I
d
dt
= −BpBφ
μ0
4πR2R. (13)
We now write
ζ = √η = B
√
2πR4
3μ0λGM2
= B
√
1
2μ0λ
R
GMρ
, (14)
k = 
crit
, (15)
and we define a dynamical time-scale
tdyn = 1
crit
. (16)
We introduce a dimensionless time
τ = t
tdyn
, (17)
so that
τA = tdyn√
2λζ
(18)
and
τA
2π
= k
2π
√
2λζ
. (19)
The moment of inertia of the star is expressed as
I = γMR2, (20)
with γ ≈ 0.1 for a 2 M main-sequence star. Our equations now
take the dimensionless forms
dζφ
dτ
= kζp −
√
2λσφζζφ, (21)
where
σφ =
{
0 if ζ 2p > aζ
4,
min
(
1, 2π
√
2λζ
k
)
otherwise,
(22)
dζp
dτ
= α
√
2λσφζζφ −
√
2λσpζ ζp, (23)
where
σp =
{
0 if ζ 2p < 0.8ζ
2,
min
(
1, 2π
√
2λζ
k
)
otherwise,
(24)
and
dk
dτ
= − 6
γ
ζpζφ. (25)
5 R ESULTS
We evolve the three coupled differential equations set up in Section 4
by a simple Euler method. Experiments with more precise and stable
algorithms revealed no perceptible differences. For a typical A-star
of 2 M, the structural constants λ = 0.5 and γ = 0.1 are chosen
according to detailed models made with the Cambridge STARS code
(Eggleton 1971; Pols et al. 1995), while a = 10 is chosen according
to Braithwaite (2009). This leaves a single free parameter α, which
describes what fraction of the decaying toroidal field is converted
to poloidal, in our simple dynamo model. For a given initial amount
of differential rotation, we find that the final field strengths increase
monotonically with α because for higher α less of the rotational
energy is lost when the toroidal field decays. Thus, we can calibrate
α so that the final total poloidal flux per unit mass is equal to
that observed (equation 5). Fig. 2 shows the evolution of magnetic
fields as the differential rotation decays away from its maximum,
 = crit. We have set α = 1.52 × 10−4 to reproduce the observed
maximum in ηp ≈ 10−8, so ζ p ≈ 10−4 again with λ = 0.5. For
small enough seed fields, toroidal field is initially generated by
winding poloidal field owing to the differential rotation. As soon
as the toroidal field is large enough that stability criterion (10) is
violated the poloidal field begins to grow. While differential rotation
is still sufficient the toroidal field grows but it eventually reaches a
maximum and decays until it reaches equilibrium with the poloidal
field so that aη2 = ηp. Throughout this evolution,  is destroyed
by the magnetic torque so that the final object is rotating as a solid
body. At this point, τ = 4.88 × 104. The dynamical time-scale for a
2 M star is about 40 min, so this evolution of the magnetic fields
is over in about 3.7 yr which is much less than the corresponding
Kelvin–Helmholtz time-scale of 2.3 × 106 yr for a 2 M star. The
field configuration is stable according to the Braithwaite (2009)
criteria and hence can survive until thermal or nuclear time-scale
evolution destroys it.
Table 1 lists the final state for various initial conditions and vari-
ation of the regeneration parameter α. The first row is the model of
Fig. 2 already discussed. The next two rows illustrate how changing
the seed toroidal field has almost no effect. Its growth or decay
rapidly wipe out any initial state. Rows four and five show that
varying the initial seed poloidal field also has little effect on the fi-
nal magnetic fields. However, reducing the seed poloidal field does
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Figure 2. The evolution of magnetic field components following a collision
that leaves the greatest differential rotation, equal to its break-up spin, in the
merged object. The decay of differential rotation follows the right-hand axis
while the indicated fields build up according to the left-hand axis. Toroidal
field decays unless ηp > aη2, and this determines the final ratio of toroidal
to poloidal field. The poloidal field is somewhat weaker and so is multiplied
by 100 on this figure. Rotational stabilization of magnetic field is included
with  =  in equations (10) and (12).
mean that the differential rotation lasts longer. This is simply be-
cause the initial generation of toroidal field depends on the presence
of poloidal field. Once the poloidal field has built up the evolution
speeds up and proceeds in a similar way to much the same end point.
Rows six and seven demonstrate how the parameter α influences
the final field strengths. For large α more of the energy extracted
from differential rotation goes into magnetic fields. If α were unity
no energy would be lost until the stability criterion (12) were vio-
lated. We do not expect the generation of poloidal field by decaying
toroidal field to ever be sufficient to violate this criterion once the
growth of the fields from their seeds is established.
The last two rows of Table 1 show how the final magnetic flux
depends on the initial differential rotation. The final poloidal flux is
almost directly proportional to the initial ki. Thus, we hypothesize
that, in collisions, the differential rotation left within the merged
object ranges up to the maximum which cannot be higher than
the break-up spin. The observed lower limit to the total flux per
unit mass in main-sequence stars would then result from a lower
limit, of about 1 per cent of the break-up spin, to the differential
rotation within merged main-sequence stars. It is reasonable to
imagine that stars are unlikely to merge without some residual
angular momentum because head on collisions are extremely rare.
In the case of white dwarfs that merge during common envelope
evolution, we might then expect a similar minimum magnetic field
of some 107 G compared with the maximum of 109 G observed for
single white dwarfs. Here, the observations suggest a somewhat
lower value of about 106 G as a lower field limit for the HFMWDs
(Külebi et al. 2009).
To investigate the importance of rotational stabilization of mag-
netic field decay (Pitts & Tayler 1985), we consider the two extreme
cases of minimal and maximal rotational stabilization. All observed
high-field stars now have  < B at their surfaces. Fig. 3 shows the
evolution from the same initial conditions and with the same field
generation parameter α as the model of Fig. 2 but with  < B
throughout the evolution. As in that case, the toroidal field initially
builds up at the expense of differential rotation but decay sets in
earlier leading to the generation of more poloidal field throughout
the evolution. At the other extreme, we set  = crit throughout
the evolution. In this case, shown in Fig. 4, for the same initial
conditions and α, the early evolution is not much altered because
 ≈ crit. Once  falls toroidal field builds up more at the
expense of generating poloidal so that the final poloidal field is
smaller. However, we note that the differences are not large and so
our model is quite robust to the choice of . The final poloidal field
is in the range given by 8.5 × 10−5 < ζ p < 1.8 × 10−4 from the
extreme of maximal rotational stabilization to none at all.
Single HFMWDs can form either when two cores merge during
common envelope evolution or when two white dwarfs of total mass
below the Chandrasekhar limit emerge from a common envelope
with a short enough period and mass ratio close enough to unity
that they subsequently merge owing to angular momentum loss by
gravitational radiation. Zhang, Wickramasinghe & Ferrario (2009)
plot the distribution of magnetic fields of single HFMWDs and
magnetic cataclysmic variables in their fig. 5. The single-star fields
follow much the same distribution as the combined polar and inter-
mediate polar distribution up to 3 × 108 G or so. Higher fields are
found only in the single white dwarfs. In a common envelope, a low-
mass main-sequence star merges when it has spiralled in enough to
Table 1. Dynamo models varying initial conditions and the parameter α. Columns
are the fraction α of decaying toroidal field that becomes poloidal, the initial ratio of
differential rotation to break-up spin, the initial and final ( = 0) toroidal and poloidal
fields and the number of dynamical times to reach to reduce  to zero. The first row
shows the model which best fits the observed maximum total flux per unit mass and
which is illustrated in Fig. 2.
α ki ζ φ,i ζ p,i ζ φ,f ζ p,f τ f
1.52 × 10−4 1 10−3.5 10−6 5.36 × 10−3 10−4 4.88 × 104
1.52 × 10−4 1 10−4.5 10−6 5.35 × 10−3 10−4 4.91 × 104
1.52 × 10−4 1 10−2.5 10−6 5.35 × 10−3 10−4 4.60 × 104
1.52 × 10−4 1 10−3.5 10−7 5.31 × 10−3 9.99 × 10−5 8.41 × 104
1.52 × 10−4 1 10−3.5 10−5 5.45 × 10−3 1.03 × 10−4 2.74 × 104
1.5 × 10−3 1 10−3.5 10−6 1.24 × 10−2 5.55 × 10−4 1.08 × 104
1.5 × 10−5 1 10−3.5 10−6 2.31 × 10−3 1.79 × 10−5 3.22 × 105
1.15 × 10−4 0.5 10−3.5 10−6 3.94 × 10−3 4.94 × 10−5 8.08 × 104
1.15 × 10−4 0.1 10−3.5 10−6 1.67 × 10−3 1.67 × 10−6 2.29 × 105
 at T
he A
ustralian N
ational U
niversity on January 1, 2014
http://m
nras.oxfordjournals.org/
D
ow
nloaded from
 
680 D. T. Wickramasinghe, C. A. Tout and L. Ferrario
Figure 3. The dynamo when rotational stabilization of field decay is not
included,  < B throughout. Initial conditions and α are the same as for
the model of Fig. 2. In this case, toroidal field decay and consequent poloidal
field growth begin much earlier so that the final poloidal field is larger by a
factor of 1.8.
Figure 4. The dynamo when field decay is maximally rotationally stabi-
lized,  = crit throughout. Initial conditions and α are the same as for the
model of Fig. 2. Early on  ≈ crit so the evolution is very similar. At late
stages toroidal field decay is more stabilized so that the final toroidal field
is slightly larger and the final poloidal field is smaller by a factor of 0.85.
be tidally disrupted by the degenerate core and it dissolves into the
envelope. Tout et al. (2008) hypothesized that the magnetic cata-
clysmic variables must have emerged from their common envelopes
only just detached in order to have acquired their strong fields. For
these, we envisage that the hot outer layers of the degenerate core
are weakly spun up by the differential rotation between the orbit of
the cores and the envelope. A dynamo of the sort discussed here
could then build up strong fields from a weak seed field in much
less time than would be required for magnetic fields to diffuse into
the white dwarf (Potter & Tout 2010). This is much more consistent
with the expected time-scale for common envelope evolution. Those
that merge account for the bulk of the single HFMWDs that have a
similar distribution of fields to the magnetic cataclysmic variables.
White dwarfs in the high-field tail have then come from merging
degenerate objects. We expect those that merge during common en-
velope evolution to spin down considerably before the remainder of
their envelope is ejected while those that merge subsequently may
continue to spin more rapidly as solid bodies. While most magnetic
white dwarfs have spin periods far in excess of 1 d a few spin more
rapidly. For example, RE J0317–853 has a spin period of only 725 s
(Barstow et al. 1995) and a very high magnetic field of 450 MG
(Ferrario et al. 1997). We would expect that the highest fields are,
on average, associated with higher mass white dwarfs. Future popu-
lation synthesis studies coupled with more extensive observed data
will test this hypothesis further.
Lastly, we comment on the possible relevance of our model to
neutron star magnetic fields. Among the neutron stars are the mag-
netars characterized by their extremely strong magnetic fields of
1014–1015 G (Rea & Esposito 2011). In a sense these are the coun-
terparts of the HFMWDs. Merging of two white dwarfs with a
total mass that exceeds the Chandrasekhar mass could lead to a
collapse to a neutron star under certain circumstances. The white
dwarf type fields generated during such a merge could be amplified
to magnetar-strength fields by flux conservation during the subse-
quent collapse (King, Pringle & Wickramasinghe 2001). However,
given the large fraction of magnetars among neutron stars, the ma-
jority of them are likely to have formed as end products of single-star
evolution. Prior to collapse, the cores may be expected to have a
range of spin periods depending on the initial angular momenta of
stars on the main sequence and angular momentum transport during
stellar evolution (Heger, Woosley & Spruit 2005). Models predict
that, if angular momentum is conserved during the subsequent core
collapse, the resulting neutron stars have spin periods that are gen-
erally in accord with the birth spins observed for pulsars. If strong
differential rotation is acquired during core collapse, magnetic fields
may be generated by a dynamo of the type that we have proposed.
We estimate that poloidal fields of 2 × 1014−1.2 × 1015 G, similar
to magnetar fields, could be generated in a neutron star that, at birth,
differentially rotates at 5−30 per cent of its break-up speed and if
the dynamo efficiency factor α is similar to that which we deduced
for main-sequence stars. Such magnetars would also harbour even
stronger toroidal fields and we note, significantly, that most models
of magnetars require such fields to explain their emission properties
(Rea & Esposito 2011).
6 C O N C L U S I O N S
Observations of magnetic main-sequence stars and white dwarfs
show that there appears to be a universal upper limit to the poloidal
magnetic flux per unit mass. We have explored recent proposals
that the strongly magnetic stars in both these groups arise when
stars merge. A simple magnetic dynamo that extracts energy from
differential rotation explains the limit if the maximum fields are gen-
erated in merged objects that are differentially rotating at break-up.
Weaker fields are generated in merged objects with less differential
rotation.
In the case of white dwarfs, we envisage that common enve-
lope evolution generates differential rotation in the hot outer parts
of the degenerate core. For cataclysmic variables, the amount of
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differential rotation that can be imparted depends on how close
the orbiting cores get before the envelope is lost. A dynamo such
as we have described can operate on a rapid time-scale to cre-
ate stable fields that become frozen in to the white dwarf as it
cools. When cores merge in a common envelope, we do not ex-
pect a collision. Rather a main-sequence star would dissolve on
reaching a depth in the envelope at which it is tidally disrupted
by the degenerate core. The fields generated ought to be similar to
those in the magnetic cataclysmic variables, which we envisage to
have ejected their common envelopes just before they would other-
wise have merged. Similarly, a lower mass degenerate core would
be tidally shredded and then accreted on to the more massive de-
generate core either within the common envelope or subsequently if
a double degenerate system merges by gravitational-wave angular
momentum loss. In both cases, we expect the differential rotation
that can be built up in the outer layers of the hot or heated core
to be very large because accretion of less than a tenth of a solar
mass of material from the inner edge of an accretion disc can spin
a substantial fraction of the white dwarf to break up. So the max-
imum magnetic field strengths should be found only in the single
white dwarfs formed from merged degenerate cores or stars. Those
that merge within the common envelope, we expect to rotate very
slowly, spun down as angular momentum is lost with the remaining
envelope. Those that merge subsequently to the envelope ejection
can be expected to have a high fields too but also to be more rapidly
rotating.
Merging of two white dwarfs with a total mass that exceeds the
Chandrasekhar limit may under certain circumstances lead to an
accretion induced collapse to a neutron star with magnetar-type
fields. Though most magnetars are likely to have evolved from
single stars, a similar dynamo may still play a role to generate fields
in these stars if they form highly differentially rotating after core
collapse.
AC K N OW L E D G E M E N T S
We thank the referee for drawing out attention to the work by Pitts
& Tayler (1985). DTW and LF thank the Institute of Astronomy for
hospitality while this work was continued. CAT thanks the Univer-
sity of Cambridge, Monash University and the Australian National
University for supporting a visit to Australia during which this work
was begun, Churchill College for his fellowship and the Bombay
Cambridge Society and the Inter University Centre for Astronomy
and Astrophysics in Pune for providing an atmosphere in which the
writing could be completed.
R E F E R E N C E S
Alecian E. et al., 2008, MNRAS, 385, 391
Aurière M. et al., 2010, A&A, 523, 40
Barstow M. A., Jordan S., O’Donoghue D., Burleigh M. R., Napiwotzki R.,
Harrop-Allin M. K., 1995, MNRAS, 277, 971
Braithwaite J., 2009, MNRAS, 397, 763
Eggleton P. P., 1971, MNRAS, 151, 351
Elkin V. G., Mathys G., Kurtz D. W., Hubrig S., Freyhammer L. M., 2010,
MNRAS, 402, 1883
Ferrario L., Vennes S., Wickramasinghe D. T., Bailey J. A., Christian D. J.,
1997, MNRAS, 292, 205
Ferrario L., Pringle J. E., Tout C. A., Wickramasinghe D. T., 2009, MNRAS,
400, L71
Guerrero J., Garcı́a-Berro E., Isern J., 2004, A&A, 413, 257
Heger A., Woosley S. E., Spruit H. C., 2005, ApJ, 626, 350
Kawka A., Vennes S., Schmidt G. D., Wickramasinghe D. T., Koch R., 2007,
ApJ, 654, 499
King A. R., Pringle J. E., Wickramasinghe D. T., 2001, MNRAS, 320, L45
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